INTRODUCTION
Radiochromic films (RCFs) 1 are widely used for medical (see Ref. 2 and in particular Sec. V), industrial (food irradiation), as well as scientific applications, e.g., in laser-particle acceleration 3 and nuclear physics. 4 In both diagnostic and therapeutic medical applications (e.g. in Intensity Modulated Radiation Therapy or IMRT 5 ), RCFs are used extensively for radiation dosimetry of various types of employed radiation, i.e., photon, electron, and proton. The particular interests of RCF in this context are the following: (i) it is a passive detector, the color of which is immediately, permanently, and visibly changed upon irradiation, without the need for any processing in a dedicated (dark) room; 2 (ii) being a film, it has an intrinsic very high spatial resolution; (iii) it is relatively inexpensive; (iv) it has a high sensitivity; (v) its response, which is near tissue-equivalent, is relatively energy-independent 6 (except at low energy 7 ) and stable over time; 8, 9 (vi) it has a very high saturation threshold (>kGy, as will be seen below) and thus a large dynamic range; and (vii) it is available in very large format, with a uniform response. 1 On all these accounts, the newest generation of Gafchromic™ RCF, namely, the EBT3 (having a high sensitivity) and HDv2 (of low sensitivity) films present improved performance compared to the earlier developed RCF. Combined with the development of commercial automatic analysis products, 10 this has made RCF to become a common tool in dosimetry. RCFs have also been instrumental in spectral and spatial characterization of short pulse laser produced ion beams that have an energy range of keV to tens of MeV with high particle number. 3 Many high energy density (HED) plasma diagnostic techniques use RCF such as in proton radiography of dense plasmas 11 and magnetic field structures. 12 Therefore, for these various communities, calibration of the films using different types of commercially available, and preferably inexpensive photoscanners is essential. Among these new RCF films that have recently come to market, there has been a first calibration of the EBT3 by V. Borca et al. using a EPSON 10000XL scanner, 13 but currently there is no published calibration of HDv2 that we know of.
As mentioned, several types of RCF by Gafchromic™ have been produced over the years. 1 Previous types (e.g. HD-810, HS, or MD) were characterized by a transparent (i.e., spectrally neutral) substrate onto or into which a red-absorbing dye, the one sensitive to incoming radiation, was incorporated. Hence, they appeared blue, with the blue dye becoming darker in proportion of the dose the films were exposed to. The main modification that has been brought to the newest types of RCF is that the substrate is no more neutral, but blue-absorbing, while the dose-sensitive dye remains red-absorbing. 15 Hence these newest films appear yellow when unexposed, and turning to dark green in the zones exposed to radiation. The modified substrate is polarization sensitive, 1 where one needs to be cautious with film orientation when scanning; for example, this is the case for older versions of the EBT films. 1, 14 The EBT3 film 11 is a variation on the EBT film family where the internal layers are symmetric and has a polyester substrate with microscopic silica to help prevent Newton's rings formation, e.g., when laid on the glass window of a flatbed scanner. Also, there is a cross-lamination of the substrate on the two sides of the films to eliminate scan orientation effects, i.e., it is globally polarization insensitive. 1, 11 It has a sensitivity range of 1 cGy to greater than 40 Gy which makes it ideal for weak beams. The HDv2 film, which uses the same substrate and sensitive dye as the EBT3, is the next generation film that replaces the HD-810 film. It has a sensitivity range from 10 to 1000 Gy which makes it ideal for high flux beams.
Due to the red-absorbing nature of the dose-sensitive dye, it was deemed 15 that measuring the transmission (T) or the optical density (OD, T = 10 −OD ) in the red channel of a color (RGB) scan of the films was the most sensitive way to retrieve information about the dose the film was exposed to. In the newest films, since the substrate is blue-absorbing, it was also suggested 1, 21 that using the measurement of the OD in the blue channel was a way to remove any non-uniformity from the substrate (since that measurement should be peculiar to the substrate and not affected by the change in the dye due to exposition to radiation). Also, it was suggested 1,21 that measuring OD red /OD blue locally in each pixel was a way to remove any dependence on the substrate-of course in the limit of low dose, otherwise even the OD in the blue channel becomes modified under irradiation, which would foil the technique. Alternatively, scanning in grayscale is possible and was in fact already found 14 to lead to a smoother relationship of OD versus incident dose than for any of the color channels of an RGB scan.
Many techniques and procedures, 15 either working in reflection or transmission, have been tested and used for reading the RCF: LED-illuminated scanners, laser-illuminated scanners, or photo-type flatbed scanners. The later type of scanners utilize an incoherent fluorescent light that can illuminate the film to be scanned in transmission mode, a linear CCD array measuring the light transmitted through the film. Such photoscanners present the advantage of being the most economical solution for reading the films, while being fast and still offering high spatial resolution (1600 dpi, or 63 dots/mm, which results in a resolution of 16 µm, in most cases) and 16-bits per channel. They are also less noisy than laser-based densitometers. 16 Calibrations have been published on many types of RCF (see Refs. 13 and 17 and references therein), which are of course only valid for a certain model of scanner due to the variation in the lamps they are equipped with. 14 However, calibration curves of some newer models of RCF, like the HDv2, have not been reported yet. Furthermore, the question remains of the variation of such a response function depending on the peculiar scanner one can use and how it can be transferred to another scanner model. It has been previously shown 18 that sophisticated scanners, which are expensive because they can scan very large (A3) format, offer only a slight improvement over low-cost scanners (able to scan up to the A4 format) in terms of uniformity and reproducibility; however, no test across of sensitivity and sensitivity reproducibility was reported.
Since these flatbed scanners are mainstream commercial products, produced in various locations and likely equipped with lamps and photodetectors that are outsourced from various manufacturers at different times, the consistency in the scanner response function can be compromised. On the contrary, flatbed scanners are less noisy than densitometers and readily available. We have measured not only the response function of HDv2 and EBT3 models of RCF for various types of scanners (of the Epson-brand as they are very common and broadly used in photographic, scientific, and medical applications), but also we have done so using several scanners of the same nominal type in order to see the variability of the scanner response function depending on the particular scanner one has. Furthermore, we have also absolutely calibrated the EPSON 2450 scanner using commercially available absorptive neutral density filters. This allows any user to transpose, using the same set of filters, the film calibration curves given in this article to any other scanner.
MATERIALS AND METHODS
The calibration of the EBT3 and the HDv2 films was performed at the Stanford Medical LINAC. The films were cut to 2 × 2 cm 2 and irradiated with 10 MeV photons with the following doses: The dose was calculated assuming the deposited dose on the RCF to be similar to human tissue (Mylar) and was calibrated with an ionization chamber according to the American Association of Physicists in Medicine (AAPM) Task Group 51 protocol for clinical reference dosimetry of high-energy photon and electron beams. 19 We also used a phantom to make uniform the effective dose on the RCFs and flatten the film during irradiation. The uncertainty in the dose deposited in the films was estimated to be 0.2 cGy according to the ionization chamber. The region of interest (ROI) was a 1.5 × 1.5 cm 2 patch in the middle of each film to avoid the edges for the calibration points presented below and at least five non-irradiated films were scanned at the same time to give the reference level. The energy deposition is assumed to be uniform over the entire RCF area as the variation of the irradiation was 0.3%.
Presented below are the measured transmission (in terms of OD) of the films from the three different models of scanners: we used three independent EPSON Precision 2450 scanners, three independent EPSON V750 scanners, and two independent EPSON 11000XL scanners. The films were scanned in transmission mode, in 48-bits color as well as in 16-bits grayscale, in different orientations (as detailed below). The settings of the scanner software (provided by EPSON) were Exposure = −1, Gamma = 1, Highlight = 255, Shadow = 0 and the files were saved as TIFF. Note that it is important
Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. 2016) to impose these parameters manually, otherwise the software will optimize the rendering of the scans depending on the film exposure. We would like to note that all the scanners are located in North America and Europe, with the three different types on both continents. Note also that at least one of each scanner type is on a different continent compared to the other scanners of the same type. Intentionally, we also used scanners that were bought far apart (up to ten years) from each other to test the impact of the age of the scanner on the results. For each scan, the lamp used for the transmission measurement was allowed to warm up (for half-hour) so that a stable illumination was reached. The first scans were made more than 48 h after the film irradiation, after which negligible variation over time of the film response, when stored in a light-tight envelope, is observed. 11, 14 Note that the effect of multiple scans of a given film was already investigated, 12, 14 to find that this had a minimal impact (less than 1%) on the measured OD. The small size of the films, which were centered on the scanner windows, allows to neglect the well-known "lateral artifact" that causes the apparent film OD to increase with the distance from the scan axis. 20, 21 Since the scans have been made at different periods after exposure, for each scan, the OD of the control (non-irradiated) films, which was scanned as well each time, was removed from the OD of the exposed film in order to remove background accumulating over time. Hence, what is presented in here is OD net = −log(signal film /signal control_film ). We did not apply here the robust procedure detailed in Ref. 15 that allows one to reduce to minimum errors in the determination of the calibration since our aim is mostly to evaluate, and show, the differences that arise in such calibration from using various scanning methods, as well as various scanners of the same models. This procedure basically uses multiple scanning of the same films as well as the detection of dead pixels in the scanner. It should obviously be applied for a careful and precise calibration at one's workplace.
Furthermore, the RCFs have been scanned for calibration in the USA as well as in Europe, and we checked that air travel was not significantly influencing the films themselves. This was done by sending by airmail (as the calibrated RCF later on) a batch of unexposed films from the USA to Europe, and back to the USA. These were scanned three times: before leaving, in Europe, and when returning. No significant change, compared to the noise level, and compared to films of the same batch and that did not travel, was found in the films having travelled this way. Figure 1(a) , we present the OD vs. Dose of the GREEN channel of EBT3 scanned in RGB color and in Figure 1(b) , we present the OD vs. Dose of the GREEN channel of the HDv2 scanned in RGB. The OD values shown in the figures are measured by averaging the OD across the entire film. A profile across one scan reveals that the variation of the OD is 0.3% (similar for all the scanners employed in this investigation, consistently with Ref. 12 ), of which can be attributed to the dust on the flatbed scanner, the photon beam non-uniformities, and digital noise inherent to any scan.
RESULTS

First, in
A fitting function of the following can be used to represent the data for the range of dose values that were used in the calibration only. (3) and (b) HDv2 films with the fitting function of Equation (3), both scanned in the grayscale. Note that the width of the fitting functions is only for illustration purposes and does not reflect any quantitative values.
Here, we only present only the GREEN channel of the scans in RGB of both types of film. We had found that with the different software and scan settings that are possible (e.g. Gamma correction, exposure, etc.), and even with no color correction settings mentioned above, the resulting OD of the RED and BLUE channels can vary up to 60%. However, the measurements in the GREEN channel remains consistent (varying by 16% in the various models of scanners we tested) even when scanning, for example, using automatic settings used by the software of the scanner. Also, we found in the RED channel an unusual slope change on some scanners (like the EPSON 11000XL #2), which makes it difficult to scale the data from one scanner to another. We also observe that the oldest and most inexpensive (EPSON 2450) scanner model is the one yielding the least dispersion, in particular for the red channel of the EBT3 film.
Since we observed these variations of response function for the RGB channel, we decided to test the scanners' response functions in grayscale. This is shown in Figure 2 which presents the scans of the EBT3 and the HDv2 in grayscale. Although the variations of the response curve between the various scanners are higher than when using the GREEN channel, the differences within a given model family are only of several percentage points. Here, we could test only one scanner of the 11000XL model since the RGB and grayscale scans were not performed at the same period, and since the other 11000XL that we used to test its response function in the RGB channel had unfortunately a mechanical malfunction when testing the grayscale response of the films. We moreover observe that for the EBT3, there is in fact a very little change in the sensitivity when using the grayscale compared to using the most sensitive (red or green) channels of the RGB map. For the HDv2, the sensitivity of the grayscale is comparable to the one of the green channels of the RGB, but with a superiority in the reproducibility among scanners.
A fitting function of the following can be used to represent the data for the range of dose values that were used in the calibration only.
EBT3 grayscale
OD (Dose) = 0.012 324 + (0.000 55362 x)
HDv2 grayscale OD (Dose) = 0.010 98 + (0.000 9597 x)
Finally, since the EBT3 has been purposely designed to have a lesser sensitivity to the scanning orientation compared to the EBT2, 11 we have tested the influence of the orientation of the film on the reading of the dose on the film. We performed a scan of the films in black and white, and the results are presented in Figure 3 . We did not observe any difference between the two orientations with the EPSON 2540 scanner, but a slight difference with the EPSON v750 scanner, as was observed when using the 10000XL scanner. 11 In order to allow anyone to transpose the calibration curves shown in Figure 3 to any other scanner model, we have absolutely calibrated the EPSON 2450 scanner. This was done by measuring the detected optical density of calibrated absorptive neutral density filters made by Newport Corporation and Thorlabs. This measurement is shown in Figure 4 . We note here that the slope is not unity, but has a factor of two for OD Newport/Thorlabs < 3. For OD Newport/Thorlabs > 3, the curve changes of slope. As mentioned above, for the doses that we are interested in, those used in the calibration, the OD of the RCF films is less than one, hence rests in the linear regime of the scanners.
CONCLUSIONS
We have calibrated the EBT3 and HDv2 radiochromic (from Gafchromic) film. This was done for three different flat-bed scanner models, as well as various scanners of the same model to test scanner response variability. Absolute dose measurement using commercial flat-bed scanner has the advantage of being easy, fast, and low-cost, while also allowing to scan large-size films (typically up to A4 format) and exploiting the intrinsic high spatial resolution of the RCF, hence allowing for the determination of steep gradients in radiation deposition. We found that depending on the needs of individual medical physicists or researchers in terms of acceptable error bars, etc., calibration of the EBT3 and the HDv2 may need to be done for the type of scanner used. With that said, the green channel and grayscale can give results that are similar for all of the EPSON scanners surveyed here. The red channel, which has been recommended to be used for reading the RCF owing to its optimum sensitivity (the absorbance of the radiation-sensitive dye being peaked in the red), is found to be the less reliable, displaying an extremely large variability of the response function for a given scanner model. Of course, using the green and grayscale as the preferred channel comes at the cost of reduced sensitivity. This effect is minimal for the EBT3, but of a factor ∼2.5 for the HDv2. However, using the green or grayscale channels, this comes alongside gaining unmatched reproducibility across various scanners. We also found that orientation of the film during scanning gives slightly different results, but all one needs to do is to scan twice in the two orientations for a more accurate result. In summary, we find that flatbed scanners can be indeed used as a reliable absolute dosimetric measurement system, the most reliable, quite a priori unexpectedly, being the most inexpensive one. Finally, it seems that the only advantage of the most expensive scanner model we tested (Epson 11000XL) is its ability to scan film sizes up to A3 format when the other scanners (the simplest one being cheaper by a factor of several tens) are limited to scanning up to A4 format. 
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